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Summary
Denitrifying bacteria convert nitrate (NO3-) to dinitro-
gen (N2) gas through an anaerobic respiratory
process in which the potent greenhouse gas nitrous
oxide (N2O) is a free intermediate. These bacteria can
be grouped into classes that synthesize a nitrite
(NO2-) reductase (Nir) that is solely dependent on
haem-iron as a cofactor (e.g. Paracoccus denitrifi-
cans) or a Nir that is solely dependent on copper (Cu)
as a cofactor (e.g. Achromobacter xylosoxidans).
Regardless of which form of Nir these groups synthe-
size, they are both dependent on a Cu-containing
nitrous oxide reductase (NosZ) for the conversion of
N2O to N2. Agriculture makes a major contribution to
N2O release and it is recognized that a number of
agricultural lands are becoming Cu-limited but are
N-rich because of fertilizer addition. Here we utilize
continuous cultures to explore the denitrification phe-
notypes of P. denitrificans and A. xylosoxidans at
a range of extracellular NO3-, organic carbon and
Cu concentrations. Quite distinct phenotypes are
observed between the two species. Notably, P. deni-
trificans emits approximately 40% of NO3- consumed
as N2O under NO3--rich Cu-deficient conditions, while
under the same conditions A. xylosoxidans releases
approximately 40% of the NO3- consumed as NO2-.
However, the denitrification phenotypes are very
similar under NO3--limited conditions where denitrifi-
cation intermediates do not accumulate significantly.
The results have potential implications for under-
standing denitrification flux in a range of agricultural
environments.
Introduction
Nitrous oxide (N2O) has a ~ 300-fold greater global
warming potential than carbon dioxide (CO2), its atmo-
spheric loading is increasing by ~ 0.25% each year, and it
has a very long atmospheric lifetime of ~ 120 years. Thus,
although N2O emissions are less than 0.01% of CO2 emis-
sions, N2O is estimated to contribute up to 9% of the
global radiative forcing of greenhouse gas emissions
(Solomon et al., 2007). It has also recently been
described as the biggest single cause of ozone depletion
over the arctic (Ravishankara et al., 2009). Agriculture
accounts for ~ 70% of anthropogenic atmospheric loading
of N2O, which is largely microbial in origin. Consequently,
understanding the environmental factors that control N2O
production and consumption by microbes is critical and a
major challenge on the road to developing practical miti-
gation strategies for N2O emissions (Richardson et al.,
2009).
In oxygen-limited environments, such as water-logged
soils, some bacterial species are able to switch from
oxygen-respiration to using nitrate (NO3-) to support
anaerobic respiration (Reaction 1). In a process known as
denitrification the water-soluble NO3- is converted via
nitrite (NO2-), nitric oxide (NO) and N2O to dinitrogen (N2)
in three additional enzyme-catalysed reactions. Alto-
gether 10 electrons are consumed in converting 2NO3-
ions to N2 gas:
2NO 4e 4H 2NO 2H O3 2 2− − + −+ + → + (Reaction 1)
2NO 2e 4H 2NO 2H O2 2− − ++ + → + (Reaction 2)
2NO 2e 2H N O H O2 2+ + → +− + (Reaction 3)
N O 2e 2H N H O2 2 2+ + → +− + (Reaction 4)
Nitrite reductase (Nir) catalyses the step that leads to
conversion of non-gaseous to gaseous N, which is the
reduction of NO2- to NO (Reaction 2) that defines the
denitrification process. Denitrifying bacteria can be
grouped into classes that contain a Nir that is solely
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dependent on haem-iron (Fe) as a cofactor (e.g. Paracoc-
cus denitrificans NirS) or a Nir that is solely dependent on
copper (Cu) (e.g. Achromobacter xylosoxidans NirK). NO
generated by Nir is a potent cytotoxin that is removed by
its reduction to N2O (Reaction 3) (Butland et al., 2001).
Thus, ideally, the NO-generating and NO-consuming
Reactions 2 and 3 of denitrification should optimally func-
tion in a concerted fashion to form the relatively benign
N2O. Accordingly, in many denitrifying bacteria these are
co-regulated at the gene expression level by the same
NO-responsive transcription factor (Baker et al., 1998;
Saunders et al., 1999; 2000; Van Spanning et al., 1999;
Hutchings et al., 2000; Hutchings and Spiro, 2000; Ber-
gaust et al., 2012). The final step of denitrification is N2O
reduction catalysed by the nitrous oxide reductase (NosZ;
Reaction 4). If the bioenergetics of denitrification is con-
sidered there is little energy lost by not performing this last
step (van Spanning et al., 2007). Indeed, the fact that so
much N2O is produced from soils implies that NosZ in the
microbial population as a whole does not always carry out
this final step of denitrification either efficiently or in syn-
chrony with the first part of the pathway. Furthermore,
some denitrifying bacteria, such as Agrobacterium tume-
faciens, do not have the genetic information to make
NosZ (Bergaust et al., 2008).
There are many enzymatic and microbial routes to N2O
production in a soil microbial community since it is also
produced by ammonia-oxidizing nitrifying bacteria, NO3-
dissimilating enterobacteriaceae and NO2- respiring fungi
(Zumft, 1997; Wallenstein et al., 2006; Rowley et al.,
2012). However, NosZ is thought to be the major biologi-
cal route for reducing N2O to N2. NosZ is located in the
bacterial periplasm and has a unique multi-copper-sulfide
centre (Cu4S2), called CuZ, that is capable of binding and
activating N2O prior to its two-electron reduction using
electrons delivered by a di-nuclear Cu centre called CuA
(Pomowski et al., 2011). Synthesis of NosZ therefore
potentially places a high demand on the bacterium for an
adequate supply of Cu from its environment (Matsubara
et al., 1982; Minagawa and Zumft, 1988; Granger and
Ward, 2003; Moffett et al., 2012). The electron donors to
P. denitrificans NosZ in vivo are the haem-Fe cytochrome
c550 and the Cu-containing pseudoazurin. Thus, there are
Cu-dependent and independent electron transfer routes
to NosZ. There are other enzymes that are dependent on
Cu in bacteria such as haem-Cu oxidases and superoxide
dismutases, but in all cases there are also non
Cu-containing enzymes that can perform the same func-
tions. Indeed, in the case of the methane mono-
oxygenases of the methanotrophs, Fe-dependent and
Cu-dependent forms are differentially regulated in
response to Cu availability (Scanlan et al., 2009).
However, there is no widely recognized non-Cu alterna-
tive to NosZ for reducing N2O to N2. This could be signifi-
cant in global agriculture since a number of agricultural
soils are reported to be biologically Cu deficient (Alloway,
2008). It is likely that the distinct biochemical dependence
on Cu of denitrification pathways in different classes of
denitrifying bacteria will lead to different denitrification
phenotypes. This is important to establish if strategies for
mitigating the release of nitrous oxide from the environ-
ment are going to be developed. In this study, we have
examined the effect of Cu-limitation on denitrification phe-
notypes of P. denitrificans, in which NO2- reduction is
Fe-dependent and N2O reduction is Cu-dependent, and of
A. xylosoxidans, in which both NO2- and N2O reduction
are Cu-dependent. The results uncover the different
impacts that Cu-limitation has on the reduction of NO3- to
N2O and the subsequent conversion of this greenhouse
gas to the inert N2 in NO3--rich and NO3--limited environ-
ments, in these two species of denitrifying bacteria.
Results
The effect of copper status on nitrous oxide release by
nitrate-sufficient, carbon-limited continuous cultures of
Paracoccus denitrificans
To examine the impact of extracellular Cu-status on the
activity of the NosZ terminus of the denitrification network,
continuous bioreactors were established in which P. deni-
trificans was cultured to an anoxic steady-state biomass
under two defined regimes with reservoir Cu concentra-
tions of ~ 13 mM (Cu-H), and ~ 0.5 mM (Cu-L) in the
reactor reservoir. In the case of the Cu-L cultures the
bioavailability of the residual Cu in the medium was
decreased by adding ascorbate to reduce Cu(II) to Cu(I)
and 2, 2′ bicinchoninic acid (BCA) to chelate the resulting
Cu(I) (Moody et al., 1997). Cultures were initially grown
under batch conditions at 100% air saturation (236 mM
dissolved oxygen) for 24 h (Fig. 1A). The aeration was
then switched off and the system switched to continuous
culture with a dilution rate (D) of 0.05 h-1. The reservoir
medium feed contained 20 mM NO3- and 5 mM succinate
and was designed to achieve an electron donor-limited/
electron acceptor-sufficient steady state. NO3- levels in
the bioreactor remained constant at ~ 20 mM during the
aerated batch phase, reflecting that ammonium was
present as the N-source for assimilation into biomass,
which represses NO3- consumption for cellular
N-assimilation (Fig. 1B). In addition, no significant net
accumulation of NO2- or N2O was observed during the
aerobic phase, indicating that aerobic denitrification was
minimal. Following the switch to continuous culture, the
dissolved oxygen decreased to 0% air saturation within
30 min. There was then a transition period of ~ 50 h,
during which time the NO3- levels in the bioreactor
decreased in response to the culture switching to anaero-
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bic metabolism supported by NO3- respiration (Fig. 1B).
The biomass in the bioreactor also decreased during this
period until a new steady state was achieved. Biomass is
washed out of a continuous culture bioreactor exponen-
tially, as defined by xt/x0 = e-Dt (where x0 = biomass at time
0 and xt = biomass at time t). So, at D = 0.05 h-1, around
50 h following the switch to anoxia is required before
the bioreactor is dominated by newly generated cells,
rather than cells that were present in the reactor prior
to the switch. Thus, unless indicated otherwise, steady-
state data are calculated by averaging all data points
between ~ 80 and ~ 100 h. The steady-state anoxic
biomass of the NO3- respiring cultures (~ 200 mg l-1) was
independent of the Cu-status of the cultures (Fig. 1A).
Succinate was not detectable (< 10 mM) during the
biomass steady states in the bioreactors, confirming the
cultures were carbon-limited. There was therefore a net
consumption of ~ 5 mM succinate in steady state giving a
biomass yield of ~ 40 mg mmol-1, regardless of the
Cu-status.
The residual NO3- level in the Cu-H reactor vessel in
steady state was ~ 10.5 mM (Fig. 1B, Table 1). This rep-
resented a net consumption of ~ 9.5 mM NO3- from the
20 mM in the reservoir giving a steady-state rate of NO3-
consumption of ~ 2500 mmol g-1 h-1 (Table 1). NO2- did
not accumulate above low micro-molar levels in the
steady state so the cellular rate of NO2- reduction by Nir
(Reaction 2) closely matched the rate of NO2- production
from NO3- by Nar (Reaction 1). The bioreactor N2O con-
centration was ~ 0.03 mM during the aerobic phase
(Fig. 1D). Following transition to anoxia the N2O produc-
tion immediately began to increase concurrently with
NO3- consumption and rose around 20-fold, reaching
~ 0.5–0.6 mM in the steady state (Fig. 1D inset, Table 1).
Fig. 1. Growth and nitrate metabolism of Paracoccus denitrificans in nitrate-sufficient continuous cultures. (A) Biomass, (B) nitrate, (C) nitrite,
(D) nitrous oxide. Inset D nitrous oxide scale blown up to show the Cu-L data. Squares, Cu-H. Triangles, Cu-L. Each culture was repeated
three times and each time point is the mean of nine determinations (three per chemostat). The error bars represent the standard error.
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The steady-state rate of N2O release was therefore
> 2000-fold lower than the rate of NO3- consumption
(Table 1). Within experimental error, the rate of NO3- con-
sumption approximated to that of N2 production (Table 1),
indicating that reduction of NO3- proceeded to completion
with production of N2 gas. Complete reduction of two NO3-
anions to one molecule of N2 consumes 10 electrons
(Reactions 1–4) and so respiration of ~ 10 mM nitrate can
provide a ~ 50 mM electron sink. Complete catabolism of
one molecule of succinate to CO2 yields 16 electrons, so
from 5 mM succinate consumed ~ 3 mM is accounted for
by NO3- reduction to N2. The remaining 2 mM succinate
consumed (~ 100 mg l-1 carbon) is assimilated, account-
ing for about 50% of the ~ 200 mg l-1 cell biomass in
steady-state cultures. This is consistent with previous esti-
mates of a ~ 50% carbon content of P. denitrificans
biomass based on an elementary cell composition of
C3H5.4N0.75O1.45 (Van Verseveld et al., 1983).
Under Cu-L culture conditions the residual NO3- con-
centration in the reactor vessel averaged ~ 8 mM in the
steady state (Fig. 1B, Table 1). This reflected a ~ 20%
higher rate of NO3- consumption than in the Cu-H cultures
(Table 1). Similarly to the Cu-H cultures NO2- did not
accumulate above low micro-molar levels in the steady
state, although the steady-state level was about 10-fold
higher in the Cu-L compared with the Cu-H culture
(Fig. 1C, Table 1). However, the cellular rate of NO2-
reduction by Nir (Reaction 2) must still closely match the
rate of NO2- production from NO3- by Nar (Reaction 1,
Table 1). The bioreactor N2O levels in the Cu-L cultures
were similar to Cu-H cultures during the first 25 h of the
transition phase to the anoxic steady state (Fig. 1D).
However, at this point the N2O levels began to rise sub-
stantially, reaching ~ 4000-fold higher levels (~ 2400 mM)
than in the Cu-H cultures (Fig. 1D, Table 1). This repre-
sented 40% of the total NO3--N consumed in the Cu-L
cultures, compared with < 0.01% in the Cu-H cultures.
The Cu-L cultures were still able to produce N2 (Table 1),
demonstrating that they are capable of N2O reduction
(Reaction 4), albeit it at lower rates than the Cu-H cultures
(Table 1). The ~ 25 h delay before the behaviour of the
Cu-L cultures deviated from that of the Cu-H cultures
suggested that Reaction 4, catalysed by NosZ, was simi-
larly active in both cultures in the 24–50 h transition
phase. However, this activity could not be sustained into
the anoxic steady state, post 80 h. During the 24–50 h
transition phase the rates of NO3- and NO2- reduction
increased from ~ 0 to ~ 1500 mmol g-1 h-1 (rates calcu-
lated from Fig. 1B) and after 50 h increased to the steady-
state value of ~ 3000 mmol g-1 h-1 (Table 1). The data
suggests that in the early transition phase there is suffi-
cient capacity in the NosZ pool (Reaction 4) to match the
progressively increasing rate of NO3- and NO2- reduction
until a flux of ~ 1500 mmol g-1 h-1 is exceeded at whichTa
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point the catalytic capacity of the Cu-limited NosZ pool is
exceeded and N2O begins to progressively accumulate
until a steady state is achieved at ~ 95–120 h (Fig. 1D).
The effect of copper status on nitrous oxide release by
nitrate-sufficient, carbon-limited continuous cultures of
Achromobacter xylosoxidans
Achromobacter xylosoxidans was grown under Cu-H and
Cu-L conditions in NO3- sufficient, succinate-limited media
under similar culture conditions as P. denitrificans. The
A. xylosoxidans Cu-H and Cu-L cultures showed similar
growth rates and yields during the 24 h aerobic growth
phase (Fig. 2A). However, during the anoxic continuous
culture phase the biomass steady state was ~ 40% lower
in the Cu-H cultures compared with the Cu-L cultures
(Fig. 2A, Table 1). This suggests that ~ 13 mM Cu(II) in the
medium feed had a toxic effect on a component of A. xy-
losoxidans anaerobic metabolism, but, since a stable
steady state was achieved, this was not investigated
further and ~ 13 mM Cu was retained for Cu-H media to
allow direct comparison with the P. denitrificans experi-
ments (Fig. 2A). The residual NO3- levels in the steady
state (~ 80–100 h) were ~ 20% higher than in the Cu-H
cultures (Fig. 2B). This is a direct consequence of the
lower steady-state biomass in the Cu-H cultures and
when this is taken into account, the specific rates of NO3-
consumption (qcNO3-) are all comparable (Table 1).
During the anoxic phase, the NO2- concentration in the
bioreactor vessel accumulated to ~ 5 and ~ 9 mM in the
Cu-H and Cu-L cultures, respectively (Fig. 2C), which was
two orders of magnitude higher than in the corresponding
P. denitrificans chemostat cultures (Fig. 1C). Thus around
40% of NO3- consumed was being released as NO2-
(Table 1). The specific rates of NO2- consumption were
comparable in the Cu-H and Cu-L steady-state cultures
Fig. 2. Growth and nitrate metabolism of Achromobacter xylosoxidans in nitrate-sufficient continuous cultures. (A) Biomass, (B) nitrate, (C)
nitrite, (D) nitrous oxide. Squares, Cu-H. Triangles, Cu-L. Each culture was repeated three times and each time point is the mean of nine
determinations (three per chemostat). The error bars represent the standard error.
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(Table 1) showing that Cu in the concentration range
being studied is not affecting flux through Reaction 2,
catalysed by Cu-Nir. However, in both Cu-H and Cu-L
steady-state cultures, Reaction 1 is ~ 40% faster than
Reaction 2 (Table 1). This was not the case in P. denitri-
ficans where Reactions 1 and 2 were closely matched
(Table 1).
The N2O released in the Cu-H and Cu-L chemostat
cultures reached a maximum of ~ 1–2 mM and ~ 500 mM,
respectively, in the steady states (Fig. 2D). The specific
rate of N2O production, in the Cu-H culture is very low,
similar to that observed in the P. denitrificans Cu-H NO3-
sufficient culture (Table 1). In the Cu-L cultures the spe-
cific rate of N2O production increased by > 300-fold, but
this was still ~ 3-fold lower than the P. denitrificans Cu-L
NO3- sufficient culture (Table 1). At steady state the Cu-H
and Cu-L chemostat cultures both emitted N2, though at
lower rates in the Cu-L culture (Table 1). Taken together,
by comparing Figs 1 and 2 it is clear that A. xylosoxidans
displays a rather different denitrification phenotype to that
of P. denitrificans. However, both species share the phe-
notypic property of releasing intermediates of the denitri-
fication process (NO2- or N2O depending on the organism)
during metabolism under electron acceptor rich condi-
tions, with the reduction of N2O (Reaction 4) being par-
ticularly sensitive to Cu levels in the growth media.
The effect of Cu status on nitrous oxide release by
nitrate-limited, carbon-sufficient continuous cultures of
Paracoccus denitrificans and Achromobacter
xylosoxidans
To investigate the influence of NO3- sufficiency versus
NO3- limitation on N2O production under different Cu
regimes, continuous culture experiments were run with
the medium feed containing 5 mM nitrate and 20 mM
succinate to achieve an electron donor-sufficient, electron
acceptor-limited steady state (Figs 3 and 4). Complete
catabolism of 20 mM succinate to CO2 maximally yields
320 mM electrons. The complete reduction of 5 mM NO3-
to 2.5 mM N2 consumes 25 mM electrons (Reactions
1–4). Thus the cultures are extremely electron acceptor
limited. In contrast to the NO3- sufficient cultures, the
NO3--limited cultures of P. denitrificans and A. xylosoxi-
dans both displayed broadly similar denitrification pheno-
types in the steady states under both Cu-H and Cu-L
culture conditions. In all cases the NO3- levels in the
bioreactor remained approximately constant at ~ 5 mM
during the aerated batch phase and no significant net
accumulation of NO2- or N2O was observed (Figs 3B and
4B). Following the switch to anoxic continuous culture
there were transient spikes of NO2- and N2O release in
Cu-L cultures, but in the steady state (from ~ 60 h
onwards) very little net release of these intermediates was
observed (Figs 3C, D, 4C and D). The entire reservoir
NO3- was being consumed by the steady-state cultures,
confirming they were NO3- limited (Figs 3B and 4B). The
rate of NO3- consumption was ~ 500 mmol g-1 h-1 for both
species, regardless of the Cu-status, which is ~ 5–10-fold
lower than observed in the NO3- sufficient cultures. Since
there is no significant accumulation of NO2- or N2O then
all reactions are matched for this rate with N2 being the
major product. Thus in the Cu-L cultures there must be
sufficient Cu to sustain N2O reduction to N2 (Reaction 4) at
a NO3--limited rate of ~ 500 mmol N g-1 h-1, which was
comparable to the rate of N2 production in the NO3- suffi-
cient Cu-L cultures (Table 1).
The synthesis of the denitrification network in
continuous cultures of Paracoccus denitrificans
The evidence from the preceding sections is that the most
significant effect of Cu, over the concentration range
studied, on N2O release by the bacterial cultures was for
P. denitrificans under the Cu-L NO3- sufficient, succinate-
limited culture conditions (Fig. 1D). Consequently the
assembly of the denitrification electron transport network
in the biomass steady state was assessed under these
culture conditions using cells removed from the cultures at
the 100 h time point (Fig. 1A). The Cu content of cells
from the Cu-H and Cu-L cultures was ~ 700 and
100 nmol g-1 respectively, confirming that the cells had
significantly different Cu content. There are two major
routes of electron shuttling in the periplasmic compart-
ment to the NO2-, NO and N2O reductases in the electron
transport network. These are via the Cu-dependent
cupredoxin pseudoazurin and the haem-Fe dependent
cytochrome c550. Western-blotted SDS-PAGE gels of
periplasmic fractions prepared from Cu-H and Cu-L cells
were probed using antibody raised against purified
pseudoazurin. A total of 26 kDa dimeric and 13 kDa
monomeric forms of pseudoazurin were detected in
periplasmic extracts from the Cu-H cultures, but neither
was readily detectable in periplasmic extracts of the
Cu-L cultures (Fig. 5A). However, haem-stained SDS-
PAGE gels of periplasmic extracts revealed synthesis of
the 14 kDa cytochrome c550 in both the Cu-H and Cu-L
cultures (Fig. 5B). Consequently the absence of func-
tional pseudoazurin did not result in failure to shuttle
electrons through the periplasm to the denitrification
reductases.
Cu has recently been reported to be required for the
biosynthesis of the molybdopterin cofactor (Kuper et al.,
2004) that is bound to the nitrate reductase (Nar),
although it may be dispensable (Morrison et al., 2007).
The high specific rates of NO3- reduction by both the Cu-H
and Cu-L cultures suggested that Nar synthesis was not
affected over this Cu range. This was further confirmed
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by enzyme-specific assays using methylviologen (MV)
as an electron donor, which yield rates of 69  3 and
76  1 nmol mg protein-1 in membrane fractions pre-
pared from Cu-H and Cu-L steady-state cells respectively.
Likewise the MV-dependent Nir activity was also similar
in Cu-H and Cu-L periplasmic fractions prepared from
steady-state cells (189  47 and 203  71 nmol mg
protein-1 min-1 respectively) and approximately equivalent
amounts of the NirS polypeptide could be resolved on the
haem-stained SDS-PAGE gels of these periplasmic frac-
tions (Fig. 5B). The correct synthesis of the nitric oxide
reductase, Nor, was assessed by probing Western-blotted
membrane fractions with an antibody raised again the
NorB subunit of the enzyme and this confirmed similar
level of synthesis in both the Cu-H and Cu-L steady-state
cultures (not shown). A similar analysis to that described
above was undertaken for the steady-state NO3--limited
cultures of P. denitrificans and revealed comparable
MV-dependent NO3- and NO2- reductase activities and
synthesis of periplasmic cytochrome c550 and NirS in the
Cu-H and Cu-L cultures, but pseudoazurin was not detect-
able in the Cu-L periplasmic fractions. This suggested
similar biochemical composition of the denitrification
network for NO3- through to N2O under the NO3- sufficient
and NO3--limited culture conditions.
To assess NosZ synthesis, an antibody raised against
purified P. denitrificans NosZ was used to probe for the
NosZ polypeptide on Western-blotted SDS-PAGE gels of
periplasmic fractions. In the Cu-H anoxic steady-state
cultures a 65 kDa polypeptide was the dominant immuno-
reactive band in periplasmic extracts, but a 50 kDa band
was also detected. This 65 kDa band was only very faintly
detectable in extracts of the Cu-L cultures, but the 50 kDa
immuno-reactive polypeptide was still detected (Fig. 6A).
The mature periplasmic NosZ polypeptide is ~ 65 kDa and
is formed from a ~ 15 kDa C-terminal domain that binds
Fig. 3. Growth and nitrate metabolism of Paracoccus denitrificans in nitrate-limited continuous cultures. (A) Biomass, (B) nitrate, (C) nitrite, (D)
nitrous oxide. Squares, Cu-H. Triangles, Cu-L. Each culture was repeated three times and each time point is the mean of nine determinations
(three per chemostat). The error bars represent the standard error.
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the di-nuclear CuA electron transfer centre and a ~ 50 kDa
N-terminal domain that binds the tetra-nuclear Cuz cata-
lytic centre. Using purified NosZ, we established that a
limited proteinase K digestion yielded a ~ 50 kDa polypep-
tide that was not present in untreated samples (Fig. 6B).
From Matrix-Assisted Laser Desorption Ionisation Time-
of-Flight (MALDI-TOF) analysis the ~ 50 kDa domain was
confirmed as the NosZ CuZ domain (Supplementary
Table 1). To explore if the 50 kDa polypeptide detected in
the periplasmic fractions prepared from the chemostat
cultures was also the Cuz domain, the polypeptide was
purified from the Cu-L periplasmic extract using a NosZ-
antibody affinity column. This column pulled down the
~ 65 kDa and 50 kDa polypeptides, confirming that the
65 kDa full-length NosZ was present under these growth
conditions. Significantly MALDI-TOF/MASCOT analysis
of the 50 kDa polypeptide revealed that the top hits in the
databases were NosZ peptides, all of which were located
in the 50 kDa CuZ domain (Table S1). Thus during growth
under Cu-depleted conditions the NosZ polypeptide is
subject to degradation so that a truncated NosZ accumu-
lates in the periplasm. It is apparent that even under Cu-H
conditions NosZ is vulnerable to such proteoloysis since
the 50 kDa band could also be detected, although at
much lower levels than the 65 kDa full length polypeptide
(Fig. 6A). The low levels of 65 kDa full-length NosZ
polypeptide synthesized in the Cu-L culture most likely
accounts for the low flux through Reaction 4 in these
cultures (Table 4) and also in the NO3--limited cells in
which the 65 kDa was also detected (not shown).
The P. denitrificans NosZ and pseudoazurin antibodies
did not cross-react against A. xylosoxidans NosZ and
pseudoazurin (~ 62% and 17% identical to P. denitrificans
respectively), but the major observation for the A. xy-
losoxidans cultures was the high accumulation of NO2-
under NO3- sufficient growth conditions (Figs 2C and 4C)
Fig. 4. Growth and nitrate metabolism of Achromobacter xylosoxidans in nitrate-limited continuous cultures. (A) Biomass, (B) nitrate, (C)
nitrite, (D) nitrous oxide. Squares, Cu-H. Triangles, Cu-L. Each culture was repeated three times and each time point is the mean of nine
determinations (three per chemostat). The error bars represent the standard error.
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and so the key reactions to assess were those catalysed
by Nar and NirK (Reactions 1 and 2). Regardless of the
growth conditions MV-dependent assays of NO3- (Nar)
and NO2- reductase (NirK) in membrane and periplasmic
fractions prepared from steady-state cells revealed
high levels of activity for both enzymes (~ 35 and
~ 200 nmol mg-1 min-1 respectively) that were similar to
the levels detected in the P. denitrificans cultures. This
suggests that the accumulation of NO2- in the NO3- suffi-
cient cultures is not due to lack of capacity of NirK and is
therefore more likely due to the regulation of flux through
the denitrification network.
Discussion
A study on the impact of Cu-status on N2O release into the
growth environment by the phylogenetically distinct
soil denitrifiers, P. denitrificans (Rhodobacterales) and
A. xylosoxidans (Burkholderiales), has been presented.
These two species have similar Cu-dependent NosZ
enymes (Reaction 4), but distinct Fe-dependent and
Cu-dependent Nir enzymes (Reaction 2). The data pre-
sented show that P. denitrificans and A. xylosoxidans
have very distinct denitrification phenotypes under NO3-
sufficient growth conditions: A. xylosoxidans releases
about 40% of nitrate consumed as NO2- and P. denitrifi-
cans releases a similar proportion as N2O under
Cu-depleted conditions. Significantly though, the denitrifi-
cation phenotypes converge under NO3--limited condi-
tions, where minimal release of NO2- or N2O is observed.
Under NO3- sufficient Cu-depleted conditions a denitri-
fying P. denitrificans culture can maintain a steady-state
biomass that is identical to that of a Cu-replete culture, but
releases N2O at > 1000 times the rate of Cu-replete cul-
tures. It is notable that the N2O electron acceptor ‘lost’
under these conditions, which is equivalent to ~ 40% of
the NO3- consumed, is compensated for by the increased
consumption of NO3- of ~ 20% in Cu-deplete compared
with Cu-replete cultures (Table 1). Thus the denitrification
system adjusts to the partial ‘shut-down’ of the last step
and compensates for the bioenergetic consequences of
this. From an environmental point of view this is poten-
Fig. 5. Synthesis of pseudoazurin, cytochrome c550 and NirS in
Cu-H and Cu-L nitrate-sufficient cultures of Paracoccus
denitrificans.
A. Western-blotted SDS-PAGE gels of periplasmic fractions probed
with pseudoazurin antibody.
B. SDS-PAGE gels of periplasmic fractions stained for
haem-dependent peroxidase activity.
Fig. 6. Synthesis of nitrous oxide reductase
(NosZ) in Cu-H and Cu-L NO3- sufficient
cultures of Paracoccus denitrificans.
A. Western-blotted SDS-PAGE gels of
periplasmic fractions probed with NosZ
antibody.
B. Limited proteolysis of NosZ following 1 min
incubation with Proteinase K and the
inactivation of the protease by heating at
100°C for 1 min (P-K lane).
C. An SDS-PAGE gel loaded with the anti
NosZ Ab, the periplasmic fraction of
P. denitrificans grown in Cu-L Paracoccus
media and the second elution of the
periplasmic fraction from the nProtein A
Sepharose 4 Fast Flow column.
M, molecular weight markers (kDa).
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tially significant because it leads to N2O being produced
more quickly, but consumed more slowly (i.e. vReactions
1–3 > vReaction 4). It is notable from the present work that the
response of the denitrification network to Cu depletion
includes the loss of the Cu-dependent pseudoazurin. This
cupredoxin is dispensible because of the presence of
alternative Fe-dependent cytochrome electron transport
systems (Moir and Ferguson, 1994; Pearson et al., 2003).
However, synthesis of Nar, which is essential for initiating
anaerobic denitrification, is retained even though it may
be, at least partially, dependent on Cu for synthesis of the
molybdopterin cofactor (Kuper et al., 2004; Morrison
et al., 2007). The CuZ domain of NosZ cannot be replaced
though, since there is not a non-Cu alternative for N2O
reduction. It is then intriguing that a truncated form of
NosZ comprising the 50 kDa Cuz domain is synthesized in
NO3- sufficient Cu-L cultures that could still respire N2O at
about 40% of the rate of the Cu-H cultures (Table 1). This
is may be accounted for by residual full-length NosZ, but
It is possible that the 50 kDa truncated form has a limited
activity in the periplasm in the absence of the 15 kDa CuA
domain through receiving electrons from another periplas-
mic electron transport protein such as cytochrome c550.
This would represent the replacement of a Cu-dependent
electron delivery system with an Fe-dependent system in
response to Cu-depletion.
The denitrification enzymes are part of a proton-
translocating electron transport network in which the com-
plete reduction of two NO3- anions to N2 gas requires 10
electrons (Reactions 1–4). The partial reduction to N2O
requires eight electrons (Reactions 1–3). If these elec-
trons originate from NADH then there is an associated
translocation of 30 protons across the energy conserving
cytoplasmic membrane that creates a protonmotive force
to drive ATP synthesis (van Spanning et al., 2007). If
denitrification does not proceed to completion, stopping at
N2O release, then this becomes 24 protons (van Span-
ning et al., 2007). Our results show that this 20% differ-
ence makes little impact on the growth yield of the
bacterium in an electron acceptor-rich environment, since
the bacterium can simply compensate for loss of N2O
reduction by consuming more of the available electron
acceptor, NO3-. By contrast, in NO3--limited environments
there would be a significant competitive advantage of
being able to consume all of the electron acceptor avail-
able from nitrate-reduction, that is, the NO2-, NO and N2O.
In this respect it is significant that the denitrification phe-
notypes of P. denitrificans and A. xylosoxidans were
similar under nitrate-limited growth conditions, reflecting
that it is under these conditions that denitrification of NO3-
through to N2 is optimized.
Since the advent of the Harber-Bosch process and
more intensive arable farming agricultural lands have
become nitrate-rich environments, leading in turn to
nitrate-rich water systems, including sub-surface aquifers.
In this context it is notable that a number of denitrifying
bacteria have been isolated that can reduce nitrate to
N2O, but do not have a gene encoding for a N2O reduc-
tase and so denitrification terminates in N2O release. It
would be a serious concern for the environment if this
represented a trend towards losing this terminal denitrifi-
cation step from NO3--rich environments. As arable lands
become more intensively exploited Cu-deficiency is
becoming a more acute global concern, for example, it
was recently estimated that around ~ 20% of arable lands
in Europe are biologically Cu deficient (Alloway, 2008),
with concentrations of < 1 mg kg-1 (~ 1.5 mmol kg-1),
which is in the concentration domain explored in this
study. Such lands can be rich in NO3- from added fertiliz-
ers and our data from a model laboratory culture show
that denitrifying bacteria can thrive in such a NO3--rich
Cu-deficient environment by partially shutting down the
last step of denitrification and increasing consumption of
the readily available nitrate. The impact on N2O release is
very pronounced with 20% of nitrate input into the system
being released as this potent greenhouse gas, signifi-
cantly above the 1% currently assumed in Intergovern-
mental Panel on Climate Change models for nitrogen
added to fields (Solomon et al., 2007).
Experimental procedures
Continuous culture conditions
Paracoccus denitrificans (Pd1222) cells were grown in
minimal medium (Harms et al., 1985) containing (per litre)
29 mmol Na2HPO4, 11 mmol KH2PO4, 10 mmol NH4Cl and
0.4 mmol MgSO4, with either 5 mmol succinate and 20 mmol
NO3- (carbon-limited, NO3--sufficient) or 20 mmol succinate
and 5 mmol NO3- (carbon-sufficient, NO3--limited) and
supplemented with 2 ml of Vishniac trace element solution
(130 mM ethylenediaminetetraacetic, 7.64 mM ZnSO4,
25 mM MnCl2, 18.5 mM FeSO4, 0.89 mM (NH4)6Mo7O24,
6.4 mM CuSO4, 6.72 mM CoCl2, 37.4 mM CaCl2). The final
Cu concentration of the minimal media was measured at
~ 13 mM (Cu-H medium). To lower the Cu concentration
CuSO4 was omitted from the trace elements yielding a growth
medium with a measured Cu concentration of ~ 1 mM. To
lower the bioavailability of this residual Cu, 1 mM sodium
ascorbate and 10 mM BCA was added to the media (Moody
et al., 1997). The ascorbate reduces Cu(II) to Cu(I), which is
chelated by the BCA reducing bioavailability. Achromobacter
xylosoxidans was also grown on Paracoccus minimal media
supplemented 0.01% (w/v) Yeast Extract. Continuous cul-
tures were grown in a New Brunswick Scientific BioFlo 3000
with a 1.2 l working volume and ~ 300 ml headspace under
pH control (37°C, pH 7.0, 1 M NaOH and 1 M HCl/0.1 M
H2SO4). Fifty millilitre of an overnight culture grown aerobi-
cally in a 250 ml shake flask was used to inoculate the biore-
actor. After 24 h of aerobic batch growth the air supply was
switched off and a feed of minimal medium was started to
achieve a dilution rate (D) of 0.05 h-1. The measured dis-
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solved O2 (% air saturation) in the culture fell from 100% to
0% within 30 min of switching off the air supply and was
monitored throughout the continuous culture phase of experi-
ment to ensure it remained at 0%. Continuous cultures were
repeated three times for each separate condition.
Analytical methods
During the chemostat runs samples were taken at regular
intervals to measure optical density at 600 nm, dry mass,
protein concentration, NO3-, NO2- and N2O. Nitrate was deter-
mined via high-performance liquid chromatography using the
anion exchange column Ion Pac AS22, 2 ¥ 250 mm (Dionex,
ICS-900) as described by the manufacturer. Nitrite was mea-
sured colorimetrically with a modified Griess reaction (Nicho-
las and Nason, 1957). A Perkin Elmer Clarus® 500 Gas
Chromatography with an Electron Capture Detector (ECD)
and Elite-PLOT Q (DVB Plot Column, 30 m, 0.53 mmID,
carrier gas: N2, make-up gas: 95% argon/5% methane)
known gas standards of N2O (0.4, 100, 1000 ppm) were used
to determine the N2O concentration in headspace gas
samples, which were sampled using a 50 ml gastight Hamil-
ton syringe, through a rubber seal in the vessel head-plate.
From this the total nitrous oxide in headspace and solution
was calculated by applying Henry’s Law, assuming equilibra-
tion between the solution and gas phases and using a
Henry’s Law constant at 37°C of 0.453. For N2 analysis,
chemostat cultures were run using 15N-NO3- (20% atom
enriched). The cultures were run until the biomass steady
state was entered. At ~ 100 h a 120 ml gas sample was
collected and analysed for 15N2 on an isotope ratio mass
spectrometer (SerCon) following cryofocusing in an ANCA
TGII gas preparation module. Cu was determined colorimetri-
cally (Brenner and Harris, 1995; Kihlken et al., 2002). Ali-
quots of 500 ml media were added to 500 ml of solution
containing 1 M NaOH, 730 mM Hepes, 1 mM BCA and 6 mM
ascorbic acid and samples were incubated at room tempera-
ture for 5 min so that the ascorbic acid can reduce Cu(II) to
Cu(I). The absorbance was measured at 562 nm and the Cu
concentration determined using a standard curve of 0–50 mM
CuCl22H2O. A colorimetric methyl viologen (MV)-dependent
assay was used to measure the NO3- and NO2- reductase
activity. Glass cuvettes containing 10 mM Hepes buffer;
2 mM EDTA, pH 7.5, 1 mM MV and a chemostat cell sample
(75 ml ml-1 of reaction) were sealed with rubber septa and
sparged with oxygen free nitrogen for 1 min per 1 ml of reac-
tion. Sodium dithionite (100 mM) was titrated into the anaero-
bic cuvette until the absorbance (Abs) at 600 nm reached
0.7–1. The reaction was initiated by the addition of 1 M NO3-
or NO2- to give the final concentrations of 10 mM NO3- or
1 mM NO2-. The change in Abs600 (e = 13 mM-1 cm-1) was
monitored and the rate of decay used to calculate the NO3- or
NO2- reductase activity.
Analysis of NosZ polypeptides
Paracoccus denitrificans cells grown in Cu-L media were
harvested and fractionated. Cells were centrifuged at 3743 g
for 15 min. The pellets were re-suspended in 500 mM
sucrose, 100 mM Tris, 3 mM EDTA, pH 8 and 1 mg ml-1 of
lysozyme added. Cells incubated at 37°C for 1 h then centri-
fuged at 14 972 g for 15 min and the supernatant (periplas-
mic fraction) was collected and its volume reduced using a
10 kDa cut-off membrane (YM10) to ~ 4 ml. A Protein A
Sepharose 4 Fast Flow matrix (GE healthcare) was packed
into a gravity column, 2 bed vols of binding buffer were added
(20 mM Sodium Phosphate buffer, pH 7.0). Anti NosZ anti-
body (reared in sheep) was diluted in binding buffer and 3
bed vols were added to the column, the anti NosZ antibody
was then immobilized to the matrix, 1 more bed vol. of binding
buffer was added to the column as a wash. The periplasmic
fraction was passed through the column. To elute the bound
protein and antibody, 0.1 M glycine buffer, pH 3, was added
to the column and the fractions collected. The samples were
neutralized using 1 M Tris-HCl, pH 9. Samples of the elution
fractions were run on 12.5% SDS polyacrylamide gels and
stained with Coomassie Blue. Selected bands were excised
and subjected to MALDI mass fingerprinting.
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